Addictions are common, etiologically complex disorders that lead to diverse morbid outcomes and early mortality. Environmental and genetic factors play important roles in vulnerability and resilience to addiction, and the unfolding of the addiction process ([@r1], [@r2]). Although addictive disorders, defined in the *Diagnostic* *and Statistical Manual of Mental Disorders, 5th Edition* (DSM5) as use disorders, are contingent on availability and use of an addictive agent, people are differentially vulnerable at multiple stages of the cycle of addiction, including the initial propensity to use, transition from use to abuse, long-term addiction, and relapse ([@r3]). Genetic variation influences risks, responses, and trajectories of addiction. Response to novelty and novelty seeking play a particularly important role in gene × environment correlation and interaction, because exposure and use set the stage for addiction.

Measured as extraversion, novelty seeking and response to novel environments is moderately heritable (h^2^ = 0.4) in people. Addictions themselves are also moderately to highly heritable, as observed in large samples of twins representative of populations ([@r4]). However, despite the discovery of causal variants at several genes involved in drug metabolism, receptor/signaling and stress resilience, the search for genetic components that influence response to novelty and vulnerability to addiction has proven challenging, with only a fraction of the genetic variance in addiction liability accounted for by genome-wide association studies (GWAS). This may be due to multiple confounding factors including genetic heterogeneity, small effect sizes of each gene/locus, and phenotypic heterogeneity resulting from variable causes for use emergent at different stages of addiction and normal development. The failure to identify loci via GWAS has been interpreted to mean that behavioral traits are polygenic and has led to speculation that behavioral diseases are omnigenic and caused by alleles of infinitesimal effect ([@r5]). As well as implicating novel genes, addiction GWAS have succeeded in recovering several genes previously implicated by study of genes and pathways known to be important in addiction, for example *ADH1B* and *ALDH2* for alcoholism and *CHRNA3* for nicotine addiction ([@r6][@r7]--[@r8]). Cellular and molecular studies of addictions, including studies of the transcriptome, have identified diverse changes associated with neural adaptive processes ([@r9][@r10]--[@r11]). Perturbations of molecular components critical for neurotransmission such as glutamatergic, GABAergic, and dopaminergic systems have been recognized ([@r12][@r13][@r14]--[@r15]). However, the main successes in the discovery of processes involved in addiction have been in understanding intermediate mechanisms and tertiary consequences, rather than primary causes.

Animal models enable well-controlled designs to minimize confounding factors. Animals selectively bred for targeted phenotypes are of particular value for the identification of alleles naturally occurring in those species ([@r16], [@r17]) because selection enriches and even genetically fixes alleles that influence the phenotype. In such models, genetic, phenotypic, and environmental complexity can be reduced, enabling detection of loci with relatively large effect sizes. For example, two stop codons influencing alcohol preference together account for 6% of the total variance for this phenotype and were genetically fixed by selection in alcohol-preferring (P) and nonpreferring (NP) rats ([@r18]). Fixation of the *Grm2* stop codon, which is either common or genetically fixed in outbred Wistar rats from different sources, leads to uncompensated loss of metabotropic glutamate receptor 2 (mGluR2) function and glutamate-specific transcriptome changes in P rats. This finding, and other molecular neuroscience studies showing the importance of mGluR2 in responses to alcohol and cocaine, point to the importance of genes influencing glutamatergic neurotransmission in addictions and the response to artificial selection of an allele strongly influencing mGluR2.

Selectively bred high responder (bHR) and low responder (bLR) rats are a well-established model for novelty-seeking traits and vulnerability to behavioral disinhibition and responsiveness to reward-related cues based on exploratory locomotion (EL) in a novel environment ([@r19], [@r20]). bHR and bLR rats represent extremes of two contrasting modes of environmental interaction. bHR rats are highly exploratory, novelty-seeking, impulsive, and prone to seeking drugs under basal unstressed conditions. They show greater psychomotor sensitization to cocaine ([@r21]), greater dopamine "release event" in the core of the nucleus accumbens ([@r19]), and altered histone methylation at the dopamine receptor D2 gene prompter and D2 mRNA expression ([@r22]). By contrast, bLR rats are inhibited, exhibit greater anxiety- and depression-like behaviors, and tend to seek drugs only following repeated psychosocial stress. Thereby, the bHR and bLR rats model two distinct paths to substance abuse that have been observed in humans, where patients have been classified as externalizing or internalizing based on cross-inheritance of addictions with other disorders ([@r20]). Both outbred rat lines can learn to self-administer psychoactive drugs for extended periods, but even with equivalent exposure to the drugs, bHR are more likely to transition to addiction and are more likely to relapse ([@r20]).

EL is highly heritable in the bHR/bLR model as shown by the remarkable divergence of bHR and bLR after only a few generations of artificial selection ([@r20]). Although other behavioral phenotypes are closely cotransmitted across generations, the focus of this work is on the primary selection phenotype in this rat model: EL. To identify loci modulating EL, we performed exome-based sequencing, uncovering alleles in gene-coding regions that segregate between bHR and bLR. We then performed quantitative trait loci (QTL) analysis with enhanced coverage in the segregating genomic regions, in F2 rats derived from a bHR/bLR intercross. The discovery of genome-wide significant loci allowed us to test whether EL in our selectively bred lines is strongly influenced by a small set of loci (oligogenic) and whether the loci act epistatically or additively. To investigate whether the strongest rat QTL is relevant to human behavior, we targeted orthologous genes within the syntenic region and performed genetic association analyses in subjects phenotyped for the personality trait of novelty seeking, with and without addictions.

Results {#s1}
=======

Exome Sequencing Identifies Genetic Variants Segregating between bHR and bLR Rats. {#s2}
----------------------------------------------------------------------------------

Broad sense heritability (H^2^) of EL was 0.489, calculated based on variance of this phenotype in bHR and bLR F0, F1, and F2 offspring ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)). Therefore, EL is substantially heritable and the bHR and bLR rats are potentially a model for identification of loci influencing novelty response. By applying Wright's estimator ([@r23], [@r24]) to the means and variances of locomotor scores in bHR and bLR and variance in F2 offspring, we calculated that the minimum number of loci that may contribute to total variance in EL is 15.7 ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)). EL in bHR/LR might therefore be regarded as oligogenic, but not omnigenic, a hypothesis potentially resolvable by discovery of loci and measurement of their individual and joint contributions.

We performed exome sequencing in 12 bHR and 12 bLR F0 animals that were the product of 18 generations of selection and 37 generations of breeding, identifying genetic variants in the gene-coding regions that segregate between bHR and bLR lines ([@r25]). The exome sequencing generated adequate coverage (average 86×, across the 50-Mb exome target) and identified a total of 110,172 single nucleotide variants (SNVs) across the 24 individual rats sequenced. Of these, 1,584 SNVs (1.44%) showed full allelic segregation between bHR and bLR rats. We compared sequence variation in bHR and bLR rats to the selectively bred P and NP rats, produced by 70 generations of breeding. P and NP rats were previously analyzed using the same methods, including informatics pipeline ([@r18]). bHR/bLR rats had higher nucleotide heterozygosity, far fewer fully segregating variants, and a lower inbreeding coefficient ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)), indicating that the bHR and bLR lines have relatively lower degrees of inbreeding and random fixation and thereby may be more favorable for locus identification.

To better parse the genetic differences between HR and LR rats and to map patterns and dynamics of selection and random fixation on the rat chromosomes, we used Fisher's exact test to characterize the SNVs that either partially or fully segregated between the two lines. A total of 8,123 partially segregating SNVs were identified. Their genomic locations were graphed ([Fig. 1](#fig01){ref-type="fig"} and [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)). Most genetic fixation between bHR and bLR was randomly dispersed across the genome. Although some of the regions with segregating variants (genomic islands) may result from random fixation by selective breeding, others may harbor genetic loci that influence the trait under selection. Causal significance of these genomic islands with high densities of segregating variants was evaluated by F2 linkage.

![Genomic locations of SNVs segregating between the F0 bHR and bLR rats and QTL signals in bHR × bLR F2 rats. SNVs that segregate between the two F0 lines are shown in the top track with genomic positions for each chromosome. The degrees of segregation of the SNVs are noted with either gray (Fisher's exact test *P* \< 1E-4) or black (*P* \< 1E-6) with their locations and functions coded in color. The QTL signals are shown in the bottom track with QTL LOD scores denoted in color and the SNVs that were genotyped in the F2 rats are shown in green.](pnas.1820410116fig01){#fig01}

QTL Analysis Targeting Segregating Genomic Regions Identifies Seven Loci Strongly Influencing EL. {#s3}
-------------------------------------------------------------------------------------------------

The genetic variants segregating between bHR and bLR rats identified by exome sequencing laid a foundation for whole-genome QTL analysis in F2 animals. By selecting SNVs divergent between bHR and bLR, we were able to ensure that the SNVs interrogated were informative for the bHR × bLR cross. Of a total of 416 SNVs genotyped in 314 F2 rats derived from the intercross, 383 SNVs segregated (*P* \< 10^−4^, Fisher's exact test). The QTL analysis was also enhanced by overtagging regions where exome sequencing indicated that causal genetic loci were likely to reside ([Fig. 1](#fig01){ref-type="fig"}) with significant linkage disequilibrium (LD) (average *r*^2^ = 0.73) between adjacent genotyped SNVs in the regions dense with segregating variants ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)). This approach ensured adequate coverage for QTL analysis in those regions, in addition to genome-wide coverage.

Seven genome-wide significant QTL peaks ([Fig. 2*A*](#fig02){ref-type="fig"}) were identified using R/qtl ([@r26]) with the Haley--Knott regression method (1-cM resolution), and a genome-wide threshold LOD (logarithm of the odds) score of 3.99 (α = 0.05), determined by permutation ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)). The strongest QTL locus (LOD = 7.77) was SNV S126771200 \[chromosome 1 (Chr1): 126,771,200 bp\]. In addition to the peak near S126771200, there were two other genome-wide significant QTL peaks on chromosome 1, and these were near S54809837 and S171600300. These SNVs are in weak LD with S126771200 and thereby are likely to represent at least partially independent QTLs on chromosome 1 ([Fig. 2 *B* and *C*](#fig02){ref-type="fig"}). Four other genome-wide significant QTLs were identified in regions of chromosomes 2, 3, 7, and 18. Another peak with an LOD score of 3.81 just below the genome-wide threshold was located on chromosome 17 ([Fig. 2*A*](#fig02){ref-type="fig"}). To verify robustness of the linkage results against the method used, we also used maximum likelihood (EM algorithm) and multiple imputation methods implemented in R/qtl. Consistent QTL results were obtained with those methods ([*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)). Details of the genomic locations and genotype effects of the QTLs and SNVs on F2 locomotor scores are provided in [Fig. 3](#fig03){ref-type="fig"}.

![Distribution of the F2 QTL LOD scores across the genome showing seven genome-wide significant QTLs for EL. (*A*) Manhattan plot of the QTL LOD scores \[Haley--Knott (H-K)\] regression method implemented in R/qtl) across the genome at 1-Mb resolution. The most significant QTL SNV S126771200 on chromosome 1 is also labeled. (*B*) QTL peaks and LOD scores on chromosome 1. (*C*) Pairwise SNV recombination fractions (*Upper Left*) and LD (*Lower Right*) for all SNVs on chromosome 1. Arrows indicate the locations of the three genome-wide significant QTLs on chromosome 1.](pnas.1820410116fig02){#fig02}

![Top SNVs at seven genome-wide significant QTLs on EL and their genotype effects on locomotor scores in bHR × bLR F2 rats. (*Top*) Genomic locations of the QTL peak SNVs, gene symbols, and the potential functional implications of the variant alleles predicted by SIFT and Polyphen. (*Bottom*) Genotype effects of the QTL peak SNVs on locomotor scores in the F2 rats. The numbers 11, 12, and 22 represent homozygous, heterozygous, and homozygous genotypes with "1" the reference allele. *P* values are from one-way ANOVA test.](pnas.1820410116fig03){#fig03}

We performed pairwise genome scans via a two-QTL model to detect additive and epistatic interactions. Significantly higher LOD scores were obtained with the full (F) two-QTL model but primarily at the same QTLs identified by single-locus (S) genome scan and even if all locus pairs were evaluated ([*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)). The LOD scores of the full two-QTL model \[LOD (F)\] for the seven genome-wide significant loci ranged from 8.57 to 15.35 and the difference between the full two-QTL model and single-locus models \[LOD (F − S)\] ranged from 4.10 to 7.61. Except for the chromosome 1 QTLs, there were only weak epistatic interactions \[LOD (I)\], between pairs of QTLs ([*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)). Failure to detect gene × gene effects could be in part due to more limited power to detect interactions. Details of additive and interactive effects of the QTL-associated SNV pairs on the F2 locomotor scores are shown in [Fig. 4](#fig04){ref-type="fig"}.

![Genotype effects of QTL-associated SNV pairs on locomotor scores in bHR × bLR F2 rats. Locomotor scores (least square mean and SE) of the F2 rats are plotted according to their combined genotypes at each locus pair. *P* values represent least square fits for the whole model.](pnas.1820410116fig04){#fig04}

To examine the individual and combined effects of the QTLs on EL, we performed a multiple-QTL fit for locomotor score ([Fig. 5](#fig05){ref-type="fig"}). To avoid overestimating or overfitting combined effects, we stringently selected the QTLs with genome-wide significance (LOD score \> 3.99) determined by single locus scan. Cumulative effects were calculated by adding one QTL at a time, beginning with the QTL of strongest effect and thus testing only one model ([Fig. 5](#fig05){ref-type="fig"}). The strongest QTL at S126771200 on chromosome 1 itself accounted for over 10% of the total variance in locomotor score (*P* = 4.44 × 10^−8^). The combined effect of this QTL and the second most significant QTL on chromosome 7 near S74657149 explained ∼17% of the variance (*P* = 6.13 × 10^−12^), and the top three QTLs accounted for nearly 25% of the variance (*P* = 3.33 × 10^−16^). The combined effect of the seven loci above genome-wide significance accounted for around 32.5% of the total variance in exploratory locomotion and approximately two-thirds of the genetic variance (H^2^ = 0.489) in this phenotype. In additional to these QTLs, there were several loci with suggestive LOD scores (LOD \> 3) in other genomic regions ([*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)), including a chromosome 17 QTL that approached genome-wide significance. Together, these results demonstrate that QTL analysis with enhanced coverage of segregating genomic regions uncovered by exome sequencing was an effective strategy for identifying genetic loci influencing EL in artificially selected bHR and bLR rats.

![Combined effects of the QTLs on EL. The multiple-QTL models including one to seven loci (see [Fig. 3](#fig03){ref-type="fig"} for locus details) and their *P* values are shown in the table. The number of loci and the percent of the total variance each model accounts for are plotted in the *Bottom* figure. The composite LOD score for each model is represented by the color scale.](pnas.1820410116fig05){#fig05}

We tested effects of sex and kinship, the former to define sex-influenced loci and the latter to detect residual, and potentially confounding, effects of genetic background. There was a noticeable difference in locomotor scores between male and female rats ([*SI Appendix*, Fig. S7*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)). When both sex and kinship were used as covariates in a linear mixed model there were some minor changes of the signals at some loci, but the overall QTL results were unchanged ([*SI Appendix*, Fig. S7*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)). Using sex as a covariate did not identify additional QTLs, and there was not a sex-specific origin of any of the seven genome-wide QTLs.

Genetic Association of *APBA2* with Novelty Seeking and Drug Addiction in Human Samples. {#s4}
----------------------------------------------------------------------------------------

The largest F2 QTL, at S126771200, implicates a genomic region centered on 126--127 Mb of chromosome 1. To narrow this region, we examined the exome sequences of bHR and bLR F0 rats, observing that no segregating SNVs are found beyond a 500-kb region around S126771200 ([Fig. 6*A*](#fig06){ref-type="fig"} and [*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)). Therefore, it is likely that the functional locus revealed by QTL analysis resides within this 500-kb region. S126771200 itself is a potentially functional missense variant (D219N) of an intronless gene, *Nsmce3*. The human ortholog *NSMCE3* is part of the SMC5--6 chromatin reorganizing complex involved in neural development ([@r27], [@r28]). However, several other genes in this interval contain single nucleotide variants segregating between HR and LR F0 rats ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)). *Apba2* \[amyloid beta (A4)\] precursor protein-binding, family A, member 2), is located between S126348556 (LOD score 7.40) and S126771200, the variant that generated the highest LOD score. *Apba2* is of great interest for EL because it encodes a neuronal adaptor protein known to be a component of a multimeric complex mediating synaptic vesicle docking/fusion ([@r29], [@r30]). More importantly, *Abpa2* was shown to influence locomotor behavior in mice and knockout of *Abpa2* results in impaired response to novel objects ([@r31]). Although we only identified one intronic segregating variant (located 24 bp upstream of the fourth exon) in *Apba2*, it is possible that a genetic variant(s) in introns of *Apba2* or outside the gene coding region is responsible for the strong QTL signal.

![Genetic association of *APBA2* SNPs with TPQ novelty seeking, alcohol/drug dependence, and related diagnoses in the Finnish sample. (*A*) (*Top*) Variants segregating in F0 bHR and bLR rats in the 124- to 129-Mb region of chromosome 1. *y* axis shows Fisher's exact test *P* values (−log10) of the variants. (*Middle*) Syntenic regions between rat and human within the 1-Mb location containing segregating variants are highlighted with red dashed lines. (*Bottom*) Association (−log10 P) of the tag SNPs with psychiatric diagnoses (*Upper*) and TPQ novelty seeking subscales (*Lower*) across the human genomic region syntenic to the rat. (*B*) (*Top*) Genotype frequency comparisons of rs12439432 between controls and cases with the related diagnosis. (*Bottom*) Genotype-based association of rs8030727 with novelty seeking subscales for controls, cases, and both.](pnas.1820410116fig06){#fig06}

To explore the effect of genetic variation in the human genomic region syntenic to rat Chr1 126- to 127-Mb QTL, we conducted a targeted genetic association analysis in a Finnish Caucasian sample. The sample included individuals with alcohol and drug addictions and related personality disorders, and controls free of psychiatric diagnosis. The target phenotypes were novelty seeking, measured by the Tridimensional Personality Questionnaire (TPQ), and addiction diagnoses. The human Chr15 genomic region syntenic to the rat Chr1 region has relatively narrow boundaries and includes *APBA2*, *NSMCE3* (*Ndnl2*), and *FAM189A1* ([Fig. 6*A*](#fig06){ref-type="fig"}). A total of 149 single nucleotide polymorphisms (SNPs) were genotyped to determine LD blocks and identify tag SNPs across the region ([*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)). No significant association with novelty seeking and addiction diagnosis were observed for the tag SNPs in the *NSMCE3* and *FAM189A1* gene region ([Fig. 6*A*](#fig06){ref-type="fig"}). In the *APBA2* gene, significant allele and genotype frequency differences were observed between controls and cases with alcohol and drug dependence and antisocial personality disorder among several tag SNPs ([Fig. 6](#fig06){ref-type="fig"} and [*SI Appendix*, Fig. S9 and Table S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)). The *APBA2* SNP rs8030727 was also associated with novelty seeking and the effect was more clearly observed in individuals with substance dependence and personality disorders ([Fig. 6](#fig06){ref-type="fig"}). To identify functional implications of associated SNPs, we searched the Genotype-Tissue Expression (GTEx) Portal <https://gtexportal.org/home>) for *APBA2* eQTLs. rs8030727 and rs12439432 were identified by GTEx as significant eQTLs for *APBA2*, although the signals were identified in tissues other than the brain. rs12439432 is in an *APBA2* intronic antisense noncoding RNA gene expressed only in brain ([*SI Appendix*, Fig. S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)). These findings point to potential roles of the associated SNPs in cis-regulation of *APBA2* expression. *APBA2* plays critical roles in synaptic functions and neural transmission and interacts with a network of proteins involved in these functions ([*SI Appendix*, Fig. S11](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)) ([@r32], [@r33]). In rats, *Apba2* or a locus near it contributes a large portion of the variance in EL. The relatively more modest association signals of *APBA2* in the human sample may be attributed to the overlapping but distinctive phenotypes between the rat lines and the human sample which includes people at different stages of addiction and is subject to greater genetic and environmental variation. To evaluate the possibility that the *APBA2* association was confounded by population stratification, we used ethnic factor scores generated from a panel of ancestry informative markers (AIMs) genotyped on Illumina arrays ([@r34]). No significant difference in ethnic factor scores was observed in the Finnish sample to differentiate subjects with and without addictions ([*SI Appendix*, Fig. S12](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)).

Discussion {#s5}
==========

Genes that influence propensity to addiction are likely to do so via a series of processes that predict liability to experimentation with drugs, abuse, and conversion to addiction. In humans, twin and family studies have revealed that negative emotionality, including anxiety and depression, and externalization, including novelty seeking, impulsivity, and response to novel stimuli, are predictors of addictive liability. Via influence of genes on dimensions of behavior, addictions can be cross-inherited together, and with other disorders as well ([@r1], [@r35]). In rats, novelty-induced locomotion, herein referred to as exploratory locomotion, strongly predicts impulsive response to reward and vulnerability to heavy use of addictive drugs such as cocaine ([@r19], [@r20], [@r36], [@r37]). EL varies between strains, and is subject to genetic selection, showing moderate to high heritability.

GWAS is increasingly able to detect novel loci and pathways for complex traits in humans, but a major impediment to understanding the genetic architecture of addictions is that the loci identified only account for a small percent of the heritable variance. An intriguing explanation for why most of the heritability of addictions is unexplained by GWAS is that the phenotype, as defined, is strongly polygenic. Moreover, as noted above, addiction involves multiple stages and sources of vulnerability, each of which may be influenced by different genes. Human and animal phenotypes representing specific vulnerability mechanisms such as externalization, and focused on specific addiction stages, could be causally less complex and therefore less polygenic or genetically heterogeneous. Animal models can offer unique advantages for locus discovery, by taking advantage of the ability to homogenize environmental exposures, by exploiting the repertoire of natural variation found in these species, and by taking advantage of artificially selected strains in which multiple alleles that directionally contribute to a trait have been collected to high frequency, or even to genetic fixation.

Throughout the selection of the bHR and bLR lines, population size was relatively small. This directly leads to random genetic fixation and to the requirement for confirmation of loci detected by independent genetic analysis, such as the eQTL analysis performed here. However, compared with other selectively bred rat and mouse lines that were bred for many generations, bHR and bLR lines have higher degrees of heterozygosity and lower numbers of randomly fixed variants and inbreeding coefficient ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)). This is in part due to a breeding strategy that attempted to minimize inbreeding ([@r18]). Selected strains with lower degrees of inbreeding are more suitable for locus identification, with the regions showing genetic fixation being likely to harbor variants under selection. A second, and more profound implication, is that rapid response to selection through several generations under these conditions directly indicates the presence of genes of large effect in the progenitor stock. Rapid response to artificial selection has been observed for multiple addiction-related phenotypes, including alcohol preference, alcohol withdrawal, and sedation ([@r38]). Some 50 y ago, Kimura ([@r39]) recognized that in populations with relatively few breeders (N~e~) the stochastic effects of genetic drift tend to overwhelm the effects of selection, unless the locus-specific selection coefficient (s) is large.

Artificial selection of the HR/LR lines was initiated with 60 male and 60 female Sprague--Dawley rats and 12 litters with an approximate total of about 144 animals (12 rats × 12 litters) being maintained each generation, with the high 20% and the low 20% being bred. In the HR/LR model, and in the many other rodent models where there may be somewhat more or less numbers of breeding pairs, N~e~ is less than 200. Thus, it was expected that loci of large effect would account for rapid response to selection. However, it was not obvious that genetic analysis of this externalizing behavior in a model organism would succeed in mapping loci accounting for any substantial portion of the variance, much less loci of large effect size. Success of the QTL analysis was contingent on the stability and measurement properties of the EL phenotype, as well as the validity of the oligogenic model.

Although seven genome-wide significant loci for EL account for two-thirds of the variance attributable to genetic factors, and about one-third of the overall variance in EL, other genes contributing to the remaining portion of the variance in EL are likely to be of smaller effect, and furthermore more numerous. These findings likely indicate that a major portion of the variance in a phenotype related to novelty seeking, impulsive response to reward, and vulnerability to drug addiction in the bHR/LR rats is oligogenic, with one locus alone explaining \>10% of the total variance in EL. However, in people, vulnerability to addiction can be multifactorial and attributable to a combination of phenotypes that are each influenced by multiple genes. Before molecular analyses, we hypothesized that novelty-induced locomotion in our model was neither monogenic nor polygenic because the expected minimum number of loci responsible for the trait to explain the total variance of the phenotype was 15.7 ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)). Genes of major effect have been mapped in many artificially selected organisms, including the P/NP rat ([@r18]) and all of the way back to an early QTL paper, in which 15 QTLs of large ("Mendelian") effect were mapped for mass, soluble solids, and pH in the tomato, the tomato having been domesticated over the generations to enhance these parameters ([@r40]).

To avoid overestimating or overfitting the combined effect size of loci on the phenotype, the QTL loci included for the multiple QTL fit were all individually genome-wide significant (LOD score \> 3.99) and entered in one sequence. Epistatically acting combinations of genes might be better identified using other methods or in other contexts, for example isolated populations rather than rats artificially selected over several generations. Nevertheless, the observed locus additivity is consistent with the rapid divergence of novelty-induced locomotion through a few generations of selection ([@r20]). Epistatically acting alleles that are not colocalized randomly assort from generation to generation, disrupting multilocus combinations. Furthermore, additivity is seen in other animal behavior models, and in people. Some 52% of the variance in "animal personality" was attributed to additive genetic factors, via a metaanalysis of 71 estimates with both heritability and repeatability ([@r41]). Lack of epistasis of gene effects in addictions is also consistent with human twin concordance data for personality traits and addictions. For personality traits, including extraversion, monozygotic/dizygotic (MZ/DZ) concordance ratios are ∼2:1. For eight addictive disorders for which extensive twin data were available, the MZ/DZ twin concordance ratios could reach as high as 3.7/1 for cocaine addiction, with the MZ/DZ ratio for most addictive disorders hovering at ∼2:1 ([@r4]). These twin data are informative because epistasis, as distinct from polygenicity, requires gene combinations. Multilocus combinations are conserved between pairs of MZ twins, but are unlikely to be shared between pairs of dizygotic twins.

A significant challenge for behavioral QTL analysis in animal models or genetic association studies in human populations is identification of functional loci/genes in the linked or associated regions. Some animal models display extended LD or greater genetic diversity, impeding locus identification. However, the exome sequencing of bHR/bLR F0 lines provided valuable information for the most significant QTL locus centered at S126771200 on chromosome 1, where segregating variants between bHR and bLR were only identified in a relatively small region ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)). It is unlikely that the functional locus/gene is located outside the narrow interval implicated by both QTL analysis and genetic segregation of variants observed via exome sequencing. Two genes, *Nsmce3* (*Ndnl2*) and *Apba2*, located near the center of this region, are of interest due to their functions. *Nsmce3* is part of the SMC5--6 chromatin reorganizing complex involved in neural development ([@r27], [@r28]). However, we did not detect association of *NSMCE3* in humans. *Apba2* was observed in previous studies to play roles in neural development ([@r30]) and locomotor behavior in mice ([@r31]). Genetic association of *APBA2* in our human population sample, the rat QTL results, and previous findings on *Apba2* and locomotion convergently implicate *APBA2*.

*Apba2* encodes a neuron-specific multimodular adaptor protein that functions in vesicular transport and signal transduction ([@r31], [@r42]). In addition to amyloid precursor protein (APP), *APBA2* interacts physically with several other proteins critically involved in synaptic functions ([*SI Appendix*, Fig. S10*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)), including neurexin 1 (NRXN1) and neuroligin 3 (NLGN3)---two members of the Ca2^+^-dependent receptor/ligand complex involved in the formation of the synaptic contacts and essential for neurotransmission, calsyntenin 1 (CLSTN1), and calsyntenin 3 (CLSTN3)---members of a subset of the cadherin superfamily known to mediate axonal vesicle transport, and syntaxin binding protein 1 (STXBP1) involved in regulation of neurotransmitter release. Gene ontology analysis of the *APBA2* gene network also revealed significant overrepresentation of the genes in the gene ontology groups involved in synapse assembly, regulation of synaptic transmission, cell adhesion, and neuron parts ([*SI Appendix*, Fig. S11*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)). Beyond Alzheimer's disease, studies have also implicated *APBA2* in other neurological and psychiatric disorders ([@r43][@r44]--[@r45]). These lines of evidence indicate the critical roles of *APBA2* and related genes in synaptic functions and neurotransmission, further tying addictions and the externalizing domain to these functions.

Except for rs8040932, we did not use *APBA2* coding variants for genetic association analysis, due to the fact that few *APBA2* coding variants are common (minor allele frequency \> 0.01) ([@r46]) ([*SI Appendix*, Table S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820410116/-/DCSupplemental)), but we cannot rule out that rare *APBA2* coding sequence variants are also associated with behavior. The locus driving the association probably alters RNA expression, and as hinted by GTEx data we hypothesize that the linked *APBA2* SNPs are cis-eQTLs for *APBA2*. Effects of genes on addictive disorders themselves are likely to be weaker than effects on intermediate phenotypes. The relatively modest association signals of *APBA2* in the human sample may be attributed to the phenotypic heterogeneity which includes subjects differing in novelty seeking with or without addiction and individuals at different stages of addiction. Furthermore, the effect of *APBA2* may be diminished by more diverse genetic background, environmental variance, and smaller effect size of *APBA2* alleles humans may be carrying. This also indicates the need for further replication of genetic association of this gene in independent samples and functional knockout or knockdown in animal studies for the validation of causal effects.

In sum, selectively bred animal lines provide valuable models for genome-based identification of loci influencing addictions and other behavioral traits. In human studies, addictions have proven to be genetically complex and resistant to genetic analysis by GWAS, with only a small portion of the variance accounted for and no loci of large effect having been discovered, or likely to be discovered in the future by comparison of DSM-defined cases to controls. EL in rats, and externalization in people, are traits critical for at least one key component of addiction liability. However, externalization in people, while it may be modeled by EL, is not itself the direct equivalent of EL, an experimentally measured parameter. The bHR/bLR model is an experimental model for externalization and is also unlikely to have interrogated all genes potentially influencing externalization in the rat. Furthermore, the effects of genes selected for novelty response were not isolated to one behavior but were pleiotropic. Our approach combining exome-based genomic sequencing and enhanced QTL analysis of rats artificially selected for novelty-induced locomotion identified seven loci of major effect, accounting for a large portion of the variance of novelty-induced locomotion, a behavioral trait closely related to impulsive response to reward and vulnerability to drug use. Furthermore, we were able to show that the effects of these loci are primarily additive, consistent with human twin data, and as such may be useful in guiding searches for addiction genes in humans. The converging evidence of our human genetic association analysis and the molecular and behavioral analyses of other studies link *Apba2*, a gene at the center of the strongest QTL, to response to novelty and at least to the early stage of drug-seeking behavior seen in externalizing disorders. The possible role of these genes in subsequent stages of drug abuse, including conversion to addiction and propensity to relapse, requires further study.

Materials and Methods {#s6}
=====================

Subjects. {#s7}
---------

### Animals. {#s8}

Selectively bred HR and LR rats were established at the University of Michigan and have been described in detail ([@r19][@r20]--[@r21]). A total of 12 bHR and 12 bLR rats (six male and six female each) at breeding generation 37 were sequenced. The F2 rats were created by reciprocally crossing bHRs and bLRs and by selecting the most phenotypically extreme male and female from each of the 12 bHR and 12 bLR families in generation 37 to maximize phenotypic variance in the F2 animals. Thus, we set up 24 bHR--bLR mating pairs in the F0 generation, and this created 24 F1 litters, comprised of 261 F1 male and female rats, all of which were phenotyped. The next round of breeding, involving 48 F1 mating pairs, yielded 48 F2 litters for a total of 540 male and female F2 rats. A total of 323 F2 rats were phenotyped for exploratory locomotion ([@r20]). All research protocols were approved by the University of Michigan animal care and use committee.

### Human samples. {#s9}

The Finnish Caucasian sample consisted of a total of 443 unrelated males. There were 188 controls free of psychiatric disorders and 255 individuals diagnosed as having various psychiatric disorders, including alcohol and drug dependence and abuse, antisocial personality disorder, impulsivity, and other personality disorders. They were studied after informed consent was obtained under a human research protocol approved by the National Institute of Mental Health and the University of Helsinki institutional review boards. The Structured Clinical Interview for DSM-III-R was administered to all of the participants, and DSM-III-R lifetime psychiatric diagnoses were blind rated. Findings from this population sample have been reported previously with additional details ([@r47]).

### Exome library construction, sequencing base calling, mapping, and SNV calling. {#s10}

Exome sequencing libraries were constructed using Agilent SureSelect protocols. Briefly, HR and LR rat genomic DNA was fragmented to around a 150-base pair range by sonication. The genomic fragments were ligated with universal adaptors and amplified by PCR for eight cycles. Exonic regions were captured by hybridization with the Mouse All Exon bait library at 60C for 24 h. The captured exome genomic libraries were amplified again by PCR for eight cycles with individually barcoded primers before sequencing.

Sequencing of exomes was carried out on a SOLiD 5500 Wildfire sequencer. Sequences of 50-base single reads were called from image files and aligned to the rat reference genome (RGSC 5.0/rn5) using the ABI pipeline. An average of 74× coverage with uniquely mapped exome reads for each sample was obtained. SNVs from exome-seq reads were called with LifeScope-2.5.1 with default settings. The sequenced base counts at individual SNV locations for each sample were parsed from the mapped reads.

AmpliSeq Genotyping in dHR × bLR F2 Rats. {#s11}
-----------------------------------------

Sequencing multiplexing amplicons (final *n* = 416) for SNV genotyping in the F2 rats were custom designed by Life Technologies. AmpliSeq libraries were constructed using the standard protocol. Briefly, F2 rat DNA was amplified by PCR in a 96-well (sample) format with the AmpliSeq primer pool for 16 cycles. The amplicon pools were ligated with a universal adaptor and sample-specific barcoded adaptor. Amplicon libraries were then pooled (96 samples per pool), amplified on the Ion Sphere Particles, and purified before being sequenced on an Ion Proton sequencer. The sequenced SNV amplicon reads were mapped to the rat reference genome (RGSC 5.0/rn5) and genotypes were called for each variant. An average of 162× coverage was obtained for the genotyped SNVs. Both SNVs and samples having less than 20% missed calls were included in the final analysis. Genotypes for selected SNVs were also validated by TaqMan genotyping with a concordance of 0.9995.

Human Sample Genotyping. {#s12}
------------------------

Genotyping of SNPs was carried out by selected TaqMan assays and Affymetrix Axiom custom array-based analysis. The TaqMan assays were either predesigned or custom designed (Life Technologies) and genotyping results were analyzed on a 7900 instrument (Life Technologies).

QTL Analysis and Statistics. {#s13}
----------------------------

F2 locomotor score QTL analyses were performed using R/qtl ([@r26]). Haley--Knott regression was used for single-locus and pairwise genome scans. Maximum likelihood (EM algorithm) and multiple imputation methods were also used for comparisons. Genome-wide significance was determined by permutation test (*n* = 1,000, α = 0.05) by R/qtl. The multiple-QTL fit was carried out using the multiple imputation method. The additive and interactive effects of the individual SNV pairs were tested using the standard least squares fit (JMP, 11.0.0, SAS Institute, Inc). Fisher's exact test was performed to test allelic segregations of the SNVs between HR and LR lines. For human sample genetic association analysis, haplotypes were constructed from genotyping data using PHASE ([@r48]). Distributions of alleles, genotypes, haplotypes, and diplotypes between case and control were analyzed using χ^2^ test (likelihood ratio test). Genotyped-based analysis of quantitative measures were analyzed by one-way ANOVA.
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